INTRODUCTION
Difficulties in obtaining sufficient quantities of low-sulfur fuels to meet current and proposed air-quality emission standards of the Federal Environmental Protection Agency for steam-electric power plants have created a strong impetus to develop processes capable of removing sulfur oxides from flue gases of plants burning high-sulfur fuels, including the coal found in most Eastern and Midwestern coal deposits. Because the technology for removing the sulfur from the coal itself by gasification, liquefaction, or solvent refining has not yet been perfected, one of the most promising methods for significantly reducing sulfur oxide emissions at the present time is a process of wet "scrubing" the flue gas.
In the scrubbing process flue gases react with chemically active materials to form a sulfur compound that can be recovered, disposed of, or possibly used for some beneficial purpose.
Among the many processes under consideration, wet scrubbers that use lime, limestone, and other carbonate materials as the reactant appear to be the most advanced and to offer a potential temporary solution. A recent report by the Sulfur Oxide Control Technology Assessment Panel (SOCTAP, 1973 ) assessed the future of wet scrubbers as follows -1 -The amount of sulfur emitted from the burning of coal has been calculated on a state-by-state basis (table l) by using the average sulfur content of coal burned by utilities in each state and by assuming that all of the contained sulfur was actually emitted. Detailed data on the sulfur content of residual fuel oil burned by utilities on a state-by-state basis was not available. For the purpose of this report, the amounts of sulfur emitted in each state from utility plants using such fuels in 1972 has been estimated (table l) from U.S. Bureau of Mines data ( 1973d, p. 11 ) on sales of residual oil to utilities in each state and from Federal Power Commission data ( 1973a, 1973b ) on sulfur content of fuels burned by electric utilities during the last two quarters of 1972. According to our estimates, in 1972 the burning of high-sulfur fuels at utility plants in the United States resulted in flue gases that contained approximately 10.6 million tons of sulfur.
As none of the states' air-quality standards for utility plants require zero discharge of sulfur oxide in flue gases, the amount of sulfur to be removed by scrubber treatment will not be equal to the amount emitted. On the basis of the most stringent air-quality regulations to go into effect in 197 5 Padgett (1972, p. 26, 28) has grouped the states according to the maximum sulfur that can be burned by utility plants in these states. The sulfur limits in effect in the various categories (table l) To determine the amount of sulfur that must be removed by scrubber treatment to meet 1975 EPA standards, the following sulfur levels were used as the basis for calculation:
Category Percent sulfur I 0.8 II 1.6 III 2.5 IV 3.0
On the basis of these assumptions, 8l percent of the coal (296 million tons averaging 3.0 percent sulfur) and U2 percent of the residual oil (l82 million barrels averaging 1.8 percent sulfur) burned in 1972 would have required scrubber treatment, and 56.1 percent of the total sulfur emitted (10.6 million tons) would have had to be removed to comply with 1975 standards.
In Mississippi, Arkansas, Louisiana, Montana, Nevada, Oregon, and Washington, only a very limited amount of the fuels burned in 1972 would have required scrubber treatment, but in Ohio, Indiana, Kentucky, Pennsylvania, and Illinois most of the utility fuels burned in 1972 would have required scrubber treatment.
On the average, 70 percent of the emitted sulfur in flue gases in these states would have had to be removed to meet the 1975 EPA air-quality standards.
RAW MATERIAL REQUIREMENTS
The amount of lime (CaO) , limestone (CaC03) or carbonate materials such as marl, shell, or chalk that would be required in a wet scrubber system to clean up flue gases would largely be determined by the quantity of sulfur that must be removed and on the effective reactivity of the reagent used. Based on chemical reactions involved in the wet scrubbing systems, at 100 percent stoichiometry 1.75 tons of lime (100 percent CaO) are required to remove one ton of sulfur (2 tons of sulfur dioxide) from flue gases. Although it is theoretically possible to get 100 percent removal efficiency with 100 percent stoichiometry, such high levels of efficiency are not achieved in actual operation, and therefore a higher stoichiometry is used to obtain the required level of cleaning. At 120 percent stoichiometry the requirement increases to 2.10 tons of lime per ton of sulfur removed.
If limestone (100 percent CaC03) or other carbonate materials are used in place of lime, the amount of reactant required to remove one ton of sulfur from flue gases increases considerably, for example, at 100 percent stoichiometry 3.13 tons of limestone is needed to remove 1 ton of sulfur. The weight required increases to 3.75 tons of limestone, if higher stoichiometry of 120 percent is needed to achieve the desired level of cleaning. In most cases it has been found that a stoichiometric level as high as 150 percent, or h.'JO tons of limestone, was needed to meet the desired level of efficiency.
The relation between the percentage of sulfur to be removed from flue gases, the stoichiometry used, and the amount of lime, limestone, and other carbonate materials required are shown in figure 1.
From these nomographs, the amount of lime, limestone, or any other carbonate materials required at various levels of stoichiometry to desulfurize 1 ton of fuel containing X amount of sulfur above the level allowed can be approximated. For example, if a utility plant is burning a fuel containing k percent sulfur and if air-quality standards allow emissions the equivalent of only 1 percent sulfur, three-fourths of the sulfur emitted in the flue gases will have to be removed. As the amount of reactant needed varies with the stoichiometric level required in a given scrubber system, the chemical and physical properties of limes, limestones, and other carbonate rocks and their effects on the reactivity in scrubber systems are being studied at several institutions. It has been found that for a few particular limestones, the reactivity increases with decreasing particle size. Therefore, to achieve a high level of reactivity, a limestone should be ground to a particle size of < 325 mesh. The minor differences in chemical composition of relatively pure limestones have not been found to affect strongly a limestone's reactivity in a system. However, it has been observed that in the limestones tested mineral impurities such as dolomite, clays, feldspar, and quartz essentially remained chemically inert during the scrubbing process and did not contribute to the SO2 removal reaction (Drehmel and Harvey, in press).
In carbonate materials, physical features, including grain size (crystallite size), pore volume, pore size, surface area, and sodium oxide trace content have been found to correlate with the materials' rate of dissolution. On the basis of these findings, Harvey, Frost, and Thomas (1973; 197*0 have suggested that lake marl, chalk, shells, and carbonate-rich waste sludge could also be used for flue-gas desulfurization. Advantages of using these other carbonate materials instead of limestone are their ease of production and much lower grinding costs. Little information has been published about differences in reactivity of various types of lime in scrubber systems , but it is generally known that different types of quicklime have different reactivities.
POTENTIAL NEW DEMAND
The quantity of lime, limestone, or other carbonate material required for flue-gas desulfurization for a particular plant would, as discussed earlier, largely depend on the amount and the sulfur content of the fuel burned, the type of scrubber system utilized, and, most important of all, the level of sulfur oxides emissions permitted in a given air-quality region under 1975 EPA standards. By assuming 100 percent stoichiometry and using pertinent 1975 air-quality emission standards, we estimate that if all utilities that burned high-sulfur fuels in 1972 had been equipped with lime scrubbers, at least 10. h million tons of lime would have been required to remove 6.0 million tons of sulfur to bring the plants into compliance with the 1975 standards. Even with these conservative estimates, the market for lime used for scrubbing purposes would have been equal to the combined current sales of the three largest markets for lime -the steel industry, the chemical industry (for alkalis), and water purification.
On the other hand, if all utility plants that burned high-sulfur fuels in 1972 had been equipped with limestone scrubbers (with high-calcium limestone or other carbonate materials as the reactant), the reactant requirements would have been 18.7 million tons (equivalent to about 10 percent of the total highcalcium limestone and carbonate materials* produced in the United States in 1972) Since a higher stoichiometric level will be required in actual operations to bring many plants into compliance with 1975 standards, the amount of sulfur to be removed would be larger than the amount assumed in these calculations. Hence, it is possible that the demand for these reactants would be considerably higher than our estimates. Because fossil fuel requirements for electric power generation have been projected (Jimeson, 1972, p. 3^5) to grow to^25 million tons of coal and 565 million barrels of oil by 1975 and to 500 million tons of coal and 6^0 million barrels of oil by 1980 , the amount of sulfur emitted from the burning of these fuels is also expected to increase. On the basis of the 1972 ratio of fuel burned to sulfur emitted, we estimated that the amount of sulfur emitted from the burning of these fuels could amount to 10.8 million tons in 1975 and 12.7 million tons in 1980. As mentioned earlier, only 63 percent of the total sulfur emitted in power plant flue gases during 1972 would have required removal to meet 1975 EPA air-quality regulations. In 1980 , if the same proportion of sulfur must be removed, the amount of sulfur requiring elimination will range between 7 and 8 million tons * Includes calcareous marls and shells, An increase in the market demand for lime, limestone, and other carbonate materials that will actually develop between now and I98O will largely be determined by (a) the number of wet scrubbers installed, (b) the type of reactant material selected for use in the installed systems, and (c) the amount of low-sulfur coal and low-sulfur oil available for utility use to replace or blend with high-sulfur fuels.
In the SOCTAP report (1973, p. 77-85), a forecast of the amount of electric generating capacity that will be outfitted with sulfur oxides (SC X ) control equipment during each of the years between 1975 and 1980 was estimated.
According to the panel's more realistic ("one year delay scenario") forecast ( fig. 3) , the electric generating capacity so outfitted in 1975 would be 10,000 megawatts and would increase to l6l,000 megawatts in 1980. In order to estimate the potential demand for lime, limestone, or other carbonate materials that could develop if this forecast proves true, we have converted this estimated capacity into coal equivalents (250,000 tons = 100,000 megawatts) and have made the following assumptions: (a) that all of the sulfur oxides control equipment installed at utility plants will be of the wet scrubber type using lime, limestone, or other carbonate materials as the reactant; (b) that the average sulfur content of the fuels burned will be 2.7 percent; (c) that at least 63 percent of the total emitted sulfur will have to be removed to meet the EPA 1975 air-quality regulations.
The potential growth in the market for lime, limestone, or other carbonate materials that could develop between 1975 and 1980, if these assumptions prove correct, is shown in figure 3 .
According to figure 3, if all scrubbers installed by I98O use limestone or other carbonate materials as the reactant, the demand for these materials could amount to 32.1 million tons. If, instead, wet scrubbers using lime are installed exclusively, then the potential demand for lime by 1980 could amount to lU . U million tons.
In view of the energy crisis, the relatively slow progress in demonstrating successful systems, the waste disposal problems, the large capital requirements, and the time lag involved in the manufacture and installation of scrubber systems, it is very likely that the growth in potential market indicated in figure 3 for In localities such as New England, where limestone or other carbonate rocks are unavailable in sufficient quantities, carbonate waste sludge from paper mills and other types of industrial plants could be used as the reactant in scrubbing systems.
In spite of all these options, some power plants may need to bring in reactant materials from distant sources and pay the resulting high transportation costs. In these cases, it may prove more economical to use a regenerative (noncarbonate) sulfur oxide removal system when they have been proved feasible.
Although the tonnages of high-calcium limestone and other carbonate materials required to meet this potential market demand are quite large, their impact on the over-all stone industry is likely to be relatively small, because it already is operating at the level of 800 to 900 million tons per year. As a result, the scrubber market would add only 3 to k percent to the total demand.
If, on the other hand, because of economic and operating advantages (Burchard, 1972, p. 91-128; Slack, 1973) it is decided to choose lime as the reactant in all the wet scrubbers that are installed, the impact on the lime industry could be very significant. To meet this new demand for lime -a minimum of 10. h million tons -the lime capacity in the United States would need to be significantly increased. This increase in capacity could require the construction of the equivalent of 50 In a number of cases the capacities at the existing lime plants ( fig.  6 ) might be expanded to meet nearby utility plant needs.
However, to serve the demand at numerous utility plants that are located at some distance from existing lime plants, it may be feasible to construct new lime facilities to meet new markets in those deficient areas. Several problems could influence how quickly the lime industry could respond to an upsurge in demand for lime for use in flue-gas scrubber systems.
Currently, the industry is thought to be operating near capacity, and, therefore, construction of new plants would be necessary to meet the increased demand. The history of low return on investment may make it difficult to attract new capital to the industry. Moreover, the lime industry is energy-intensive t The current fuel shortages and rising fuel prices may put a special burden on any attempt by the industry to increase its capacity rapidly. Even if we assume that only 25 percent of this potential market for lime scrubbers actually develops within the next 7 years, the United States' demand for lime in 1980 would be increased by approximately 12 to 18 percent over the demand that existed in 1972. This could make fluegas scrubbing the second largest single market for lime in 1980, exceeded only by the amount of lime used in basic oxygen steel furnaces.
Potential impact of flue-gas scrubber installations on the lime and limestone industry in various states is shown in table 2. It is evident that in several states the widespread installation of wet scrubbers, using lime, limestone, or other carbonate materials, will considerably increase the existing demand for these materials, and, as a result, some utilities in these states may have difficulties in securing sufficient raw materials for proposed scrubber systems The widespread installation of wet scrubber systems on steamelectric power plants would create a large market for lime, limestone, and other carbonate materials.
(2)
Over 75 percent of this potential demand, if it is assumed that the quality of fuel burned at the electric utility plants does not considerably change by 1980, would be concentrated in the following eight states: Ohio (15.8 percent), Indiana (lU.O percent), Kentucky (9«5 percent), Pennsylvania (9.^per-cent), Illinois (8.6 percent), Michigan (8.5 percent), Alabama (6.8 percent), and Tennessee (U.6 percent).
(3) If, as the SOCTAP report predicts, l6l,000 megawatts of electrical capacity can be equipped with flue-gas scrubber systems by 1980 , and if all utilities select wet scrubbers using limestone or carbonate materials as the reactant, then the new demand for these raw materials could amount to 32.1 million tons.
If all of the utilities that install scrubber systems by 1980 select lime wet scrubbers, 1^.^million tons of lime would be needed.
{k) The impact of wet scrubber installations on the lime and limestone industry would be substantial. It However, the widespread use of limestone scrubbers would reduce the demand for lime.
(6) The development of lime scrubber installations to any significant size would require additional lime capacity because there is little current excess capacity in the lime industry.
Expansion of existing plants and/or construction of new plants may be affected by a number of problems, including low return on invested capital, rising fuel prices, time lags involved in the construction of new capacity (which may be as long as 2 to 3 years), and local shortages of high-calcium limestone or other carbonate material deposits that can be recovered economically.
In light of these problems, some utility companies may have difficulties in securing sufficient raw materials for proposed scrubber systems.
